17 Predicting the response of populations to climate change requires knowledge of thermal 18 performance. Genetic differentiation and phenotypic plasticity affect thermal performance, but 19 the effects of sex and developmental temperatures often go uncharacterized. We used common 20 garden experiments to test for effects of local adaptation, developmental phenotypic plasticity, 21 and individual sex on thermal performance of the ubiquitous copepod, Acartia tonsa. Females 22
had higher thermal tolerance than males in both populations, while the Florida population had 23 higher thermal tolerance compared to the Connecticut population. An effect of developmental 24 phenotypic plasticity on thermal tolerance was observed only in the Connecticut population. 25 Ignoring sex-specific differences may result in a severe underestimation of population-level 26 impacts of warming (i.e. -population decline due to sperm limitation). Further, despite having a 27 higher thermal tolerance, southern populations may be more vulnerable to warming as they lack 28 the ability to respond to increases in temperature through phenotypic plasticity. 29 30
Introduction: 31 Temperature has a profound effect on organismal performance [ states that increased thermal tolerance should correspond with increased mean environmental 40 temperature, while plasticity should evolve in response to variability in the thermal environment. 41 This is supported in terrestrial and freshwater aquatic systems [12, 13] , but there have been fewer 42 tests in marine systems [14, 15, 16] , yielding only limited support. Additionally, no tests of the  43  CVH have examined how individual sex factors into observed variation in thermal performance.  44  45  Here we examine the effects of genetic differentiation, developmental phenotypic plasticity, and  46 individual sex on thermal tolerance in the widespread copepod Acartia tonsa. This species 47 dominates coastal and estuarine systems around the globe. With a geographic range covering a 48 large latitudinal thermal gradient, this is a good model system to explore the contributions of 49 various adaptive mechanisms to thermal adaptation [15] . Our results show that complex 50 interactions between these variables strongly affect our ability to predict organismal responses to 51 climate change. 52 53
Methods: 54
Plankton samples were collected from surface tows at field sites in Groton, Connecticut, and 55
Punta Gorda, Florida ( hour acute heat stress. Individuals were carefully transferred to a microcentrifuge tube with 1.5 64 mL of filtered seawater, then transferred to heat blocks set to a constant temperature (18-38℃ at 65 degree intervals). Each individual experienced a single temperature. Individual survivorship was 66 measured after 24 hours as binary data (1 = survival, 0 = mortality). 67 68
All analyses were performed using R version 3.5.1 [18] . 1717 individuals were used throughout 69 the experiments. Initially, an ANOVA was run for all data (Survivorship ~ Stress Temperature + 70
Sex + Developmental Temperature + Population, and all two-way interactions). Three-way and 71
four-way interaction were excluded from the ANOVA. ANOVAs were also run for each 72 population separately (Survivorship ~ Stress Temperature * Sex * Developmental Temperature). 73
Thermal performance curves were estimated using logistic regressions. Because of the common 74 garden design, differences in the performance curves between developmental conditions within a 75 population can be attributed to developmental phenotypic plasticity, whereas differences 76 between populations should reflect the effects of genetic differentiation. LD50 (the temperature 77 with 50% mortality) was calculated for each performance curve. The change in LD50 between the 78 two developmental conditions (LD50) was used as a measure of the magnitude of the plastic 79 response. 80 81
Results: 82
Statistical analyses -In the full ANOVA, significant effects of stress temperature, sex, 83
developmental temperature and population, as well as significant stress temperature x population 84 and developmental temperature x population interaction terms were evident (Table 2) . Sex, stress 85 temperature and developmental temperatures were significant in the Connecticut population, 86 with no significant interaction terms. By contrast, only stress temperature and sex and their 87 interaction were significant in the Florida population. 88 89
Thermal performance curves -Males showed lower survival than females in both populations 90 (Fig. 1, red versus blue lines) . Developmental temperature had a strong effect on survival in the 91
Connecticut population, but not in the Florida population. 92
93
Reaction norms -94
Thermal tolerance (LD50) reaction norms show clear sex-dependent differences in thermal 95 tolerance (Fig. 2) , with females being always more tolerant than males. Higher developmental 96 temperature increased thermal tolerance in the Connecticut population, but not in the Florida 97 population. However, there were no sex-dependent differences in the plastic response between 98 males and females (no difference in slopes), regardless of population. 99 100 101
Discussion: 102
The two populations of Acartia tonsa used in this study were collected from strongly differing 103 thermal environments -a cool, variable environment (Connecticut), and a warmer, more stable 104 environment (Florida). We observed lower thermal tolerance, but stronger plasticity in the 105
Connecticut population relative to the Florida population, consistent with expectations of the 106 CVH [10,11]. However, we find that individual sex had the largest effect on thermal tolerance. 107
The demographic implications of these results are crucial to consider in predictions of future 108 population dynamics. 109 110
In both populations, females always had a higher thermal tolerance than males. Sex-specific 111 differences in thermal tolerance are observed across diverse systems [8, [19] [20] [21] . Within 112 copepods, the few studies that have examined sex-specific thermal tolerance have also found 113 females to be more thermally tolerant than males [9, [22] [23] [24] , but ours is the first to examine these 114 differences in more than one adaptive mechanism (thermal tolerance and phenotypic plasticity), 115
and in multiple populations. Interestingly, Acartia tonsa females have also been found to be 116 more tolerant to toxic dinoflagellates and to starvation [25, 26] . While there are strong 117 differences in male and female thermal tolerance in this study, neither population exhibits 118 significant differences between male and female plastic capacity (LD50). No previous studies 119 have examined differences in male and female developmental phenotypic plasticity, but higher 120 acclimatory capacity was observed in females in a different copepod species [9] . This difference 121
in sex-dependence of the different adaptive mechanisms suggests that their physiological basis is 122 different. 123 124
Multiple factors affect acute thermal stress tolerance. Understanding these factors, and how they 125 vary among populations, has critical implications for predictions of future population dynamics. 126
Lower male thermal tolerance creates an asymmetrical vulnerability to climate change, which 127 could lead to population declines under less intense warming due to sperm-limitation [27] . Our 128 results also suggest that, despite having a higher thermal tolerance, southern populations may be 129 more vulnerable to predicted warming. The southern population exists near their thermal limit 130 under present conditions. As they are also unable to respond to increased temperatures through 131 developmental phenotypic plasticity, any further increase in temperature is likely to have 132 significant negative effects on population survival. 
